The muscular dystrophies constitute a group of inherited diseases with clinical patterns dominated by progressive weakness and degeneration of muscle. Duchenne muscular dystrophy (DMD) x is inherited in males as a recessive sex-linked characteristic. It usually appears between 3 and 7 yr of life and is characterized by progressive muscular weakness.
Available information suggests that the genetic defect of DMD produces anomalies in muscle sarcolemma and also in the plasma membranes of other ceils, including erythrocytes (reviewed in reference 1). Reported erythrocyte abnormalities include irregular responses of (Na÷,K+)-ATPase activity to ouabain (2) (3) (4) (5) , altered activities of (Ca ++, Mg ++)-ATPase (6), protein kinase (4), and adenylate cyclase (7) , altered cation fluxes (1) , and abnormal physical properties, as detected by electron spin resonance (ESR) and fluorescence probes (8) (9) (10) (11) (12) . While no appreciable membrane anomaly has been detected in the spectra of DMD erythrocytes with conventional ESR using 5-nitroxide stearate as probe (9) , other studies with 3-and 14-nitroxide stearates (10) have revealed marked differences in the pH and temperature responses of membranes from normal vs. DMD erythrocytes. Experiments using saturation transfer ESR with 5-nitroxide stearate as a probe (11) showed significant spectral deviations in the membranes of erythrocytes from DMD patients. Fluorescence depolarization studies using perylene as a probe (12) have been interpreted as indicating a generalized lipidrelated defect in DMD membranes, but lipid analyses of DMD erythrocytes do not show any consistent difference from normal (13) . Some evidence for a protein defect in DMD erythrocytes has come from ESR studies using a spin-labeled maleimide probe that covalently binds to sulfhydryl groups of the anion transport protein (14) .
The probe techniques used heretofore are compatible with possible abnormal lipidprotein interactions in DMD erythrocyte membranes. However, one cannot be sure whether the anomalous signals obtained from DMD erythrocytes arise from altered probe partitioning between aqueous and membrane compartments, or between membrane protein and lipid, from the reactivity of the probes with altered protein or from differential perturbation by the probe. We have therefore investigated erythrocyte membranes with Raman spectroscopy, which analyzes signals originating directly from membrane components.
Our studies on membranes from 20 DMD patients and 8 age-matched controls (15 and 5, respectively, evaluated as coded samples) provided conclusive evidence for a protein anomaly in DMD erythrocyte membranes.
Materials and Methods
Heparinized blood samples were collected from males with DMD at the time of their regular follow-up visits to the Muscular Dystrophy Association Clinic meeting at Lakeville Hospital, Lakeville, MA. At that time, functional assessments of the DMD patients were carried out and recorded according to the recommendations of Zellweger and Hanson (15) . The ages of the DMD patients ranged from 4 to 14 yr, the duration of disease at the time of sampling from 0 to 8 yr, and the disease severity from Zellweger stage III to X.
Controls consisted of unaffected male siblings of the DMD patients and males who were having blood drawn as part of the initial evaluation of newly developed seizure disorders. None of the controls were taking medication at the time of blood drawing. There was no evidence of myopathy in the control population. All samples were obtained in conformity with the guidelines of the Human Investigations Review Committee, Tufts-New England Medical Center.
The diagnosis of DMD in each affected case was based on a combination of clinical features and disease course, serum creatinine kinase, and muscle biopsy. Electromyogram and nerve conduction studies were carried out in some cases.
Blood was stored on ice during transport (~45 rain) before membrane isolation. Erythrocytes were washed three times with 150 mM NaCI, 5 mM phosphate (pH 7.4). The washed cells were lysed with 5 mM phosphate (pH 7.4) and erythrocyte ghosts were isolated as in reference 16. As complete Raman analyses at multiple temperatures cannot be finished on the day of blood collection, all samples were frozen in 250 mM sucrose and analyzed after thawing and further processing. Raman analyses comparing two frozen-thawed and unfrozen samples showed no effects due to freezing/thawing. All the Raman data presented are on samples thawed > 15 min at 4°C and washed in 5 mM phosphate. Membranes were packed by centrifuging at 1.2 X 107 g min, at 4°C and transferred to Kimax capillaries (1.5 mm ID) for Raman spectroscopy. Raman spectra were recorded using a Ramalog (Spex Industries, Metuchen, N J) spectrometer modified for use with an optical multichannel analyzer (OMA) (Princeton Applied Research, N J) as in reference 17. The M6 mirror (0.85 m) of the second monochromator has been replaced by a 1 m mirror. The movable middle slit has been replaced by a 12.7 mm X 5.2 mm fixed slit and baffles milled into a aluminum block of the middle slit dimensions. The exit slit has been removed. Both 1,200-groove/mm gratings have been replaced by 600-groove/mm gratings. An additional filter has been inserted before the entrance slit to minimize Rayleigh-scattered light.
The detector, a PAR 1205D silicon-intensified target tube (SIT) (Princeton Applied Research, Princeton, NJ [PAR] ) is housed in a PAR 1212 cooled housing. The PAR 1212 unit is rigidly attached to the exit port of the monochromator by an adapter adjusted to focus the Raman-scattered light onto the face of the SIT tube. The tube is precisely oriented in the optical axis. The output of the SIT is detected by a PAR 1205A optical multichannel analyzer, once the SIT tube is cooled to ~-50 °, (~2 h).
To subtract background signals from sample signals, we match counts at the 0-channel: the detector output obtained with the sample in place is stored in memory A of the 1205A. The sample capillary is then displaced to a position where there is no membrane material in the beam and the Raman spectrum recorded and stored in memory B of the 1205A analyzer. The difference A -B (projected on a display scope) is plotted on an X -Yrecorder. The subtraction procedure results in stable base lines and reproducible Raman features. We collect 1,000 scans (32.8 ms each) per control and data point (i.e., ~50 s each). One difference data point in the transition curves takes ~2.5 rain. For temperature scans we collect 1,000 scans of the CHstretching region (2,800-3,000-cm -1) per degree going from -10°C to 45°C and vice versa. Conventional scanning Raman spectroscopy was on selected samples as detailed previously (18) .
Membranes from 20 p~tients with DMD and 8 age-matched controls were analyzed by Raman spectroscopy in the region of the tyrosine doublet. Half of these samples were analyzed on our spectrometer in the scanning mode, and half on the Spex instrument of the Regional Spectroscopic Facility at the Massachusetts Institute of Technology, Cambridge, MA.
Results
We evaluated 20 samples without knowledge of the source of the erythrocytes. We found that on the basis of membrane thermotropic transitions and pH responses the samples could be grouped into two categories. Breaking the code after characterizing 20 samples, we found that one category corresponded to age-matched normal controls and the other to DMD patients. Membranes from the former (five samples) gave spectra and thermal transitions identical to those of normal membranes published earlier (19, 20) . The 15 samples of the second group all showed abnormal thermotropic properties and all came from DMD patients. Additional uncoded comparisons (samples from five DMD patients and three age-matched controls) were confirmatory. Later studies showed clear distinctions between the spectra of membranes from DMD patients and age matched controls in the Amide I/III and tyrosine regions.
The CH-Stretching Region. We recorded OMA spectra in the carbon-hydrogen (CH)-stretching region (2,800-3,000-cm -1) over the temperature range of-30 ° to 50°C for all samples. The OMA spectra are comparable to those obtained by conventional recording. The CH-stretching region is marked by three prominent bands, near 2,850-cm -1, 2,880-cm -1, and 2,930-cm -1 (Fig. 1) . The first two have previously been assigned to symmetric and asymmetric CH stretching (CH2 methylene modes), respectively (10). The 2,930 ± 5-cm -1 band probably represents overlapping asymmetric CH-stretching of CH2 groups and symmetric CH-stretching of CHa groups from both membrane lipids and proteins. With the exception of the 2,930-cm -1 feature, the CH-stretching bands in the 2,800-3,000-cm -1 region primarily represent the behavior of membrane lipid acyl chains. We calculate the intensity ratio of CH-stretching bands using the base line joining the intensity minima in that region of the spectrum. These minima generally lie at 2,820 ± 5 em -1 and 3,000 ± 5 cm -1. Table I ). This transition probably represents protein-associated lipids, as liposomes made from isolated membrane lipids show no transition in this temperature range. The second transition starts around -12°C and ends near 2°C. Since it occurs in lipid extracted from membranes, this transition probably represents unencumbered lipid. The temperatures of the two transitions are identical to those of numerous samples from normal adults (19) .
Raman spectra in the CH-stretching region of normal and DMD erythrocytes at marked temperatures (pH 7.4; phosphate buffer). Spectra were recorded by OMA. Laser power at the sample 300 mW. The total recording time for one spectrum is (50 s). little below 32°C. At slightly higher temperatures, the ratio increases sharply and levels off at about 42°C. This thermotropism is identical to that reported by us for erythrocytes from normal adults (20) and for plasma membranes from normal lymphoid cells (21) .
The plot of [12sso/I~o] vs. temperature for membranes from DMD patients is shown in Fig. 3A. [I~so/I~so] is constant between 7 ° and 45°C. The 13°C/21°C discontinuity of membranes from normal individuals is missing. All but two of the coded DMD samples showed a broad transition between -15°C and 7°C. In the remaining two cases, this transition extended between -20°C and 1 °C. Fig. 3 B. pH Response. (Fig. 4B) . As the pH is further lowered to 5.3, the transition disappears (Fig. 4 C) 
Amide I and Amide III Region.
The band positions in the Amide I (1,600-1,700-cm -1) regions vary with the secondary structure of membrane proteins (18) . In membranes from normal subjects, the Amide I region shows a band at 1,660 "¢-5-cm -1 (assigned to a-and disordered configuration) which shifts to 1,635 --. 5 cm -1 when membranes are suspended in D20 (Fig. 5) . The Amide III region (1,200-1,300-cm -1) gives a broad band at 1,270 -+ 5 cm -1 (assigned to a-and disordered configurations). DMD membrane samples give 
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Fro. 5. Raman spectra in the 1400-1700-cm -1 region of normal and DMD membranes suspended in H20/I~O buffers (pH 7.4 phosphate buffer). The recording conditions are the same as in Fig. 1 .
the same strong band at 1,660 + 5-cm -1, as normals, but also show a band at 1,640-cm -x and a shoulder around 1,672 + 3-cm -1 (Fig. 5) ; these features indicate the presence offl-configuration. The 1,660 + 5-cm -1 band of DMD membranes does not disappear upon taking the samples up in D20 while in normal membranes it shifts to about 1,635 cm -1 (Fig. 5 , compare H20 and D20 spectra for DMD membranes). This suggests that this band arises from cis C==C bonds predominantly. That DMD membranes has some fl-structured proteins is also indicated by the presence of a band at 1,235 :t: 5-cm -1 (Fig. 6 ), lacking in erythrocyte ghosts from age-matched controls.
The Tyrosine Doublet.
Well-resolved spectra were obtained in the 700-900-cm -1 region from both DMD and control membranes at pH 7.4. The two components of the tyrosine doublet lie at 855 and 830 cm -1. The 855-cm -1 band of DMD membranes is substantially more prominent than in controls (Fig. 7) . 
0.001).
The ratio difference suggests a greater exposure of tyrosine residues in DMD membranes to a polar environment (22) .
Discussion
When a substance is irradiated with monochromatic light such as provided by an optical laser, most of the light is transmitted, some of it is scattered at tile frequency of the incident light (Rayleigh scattering) and traces are scattered at lower and higher frequencies (Raman scattering). The difference in the frequency between the incident light and a Raman-scattered line corresponds to the frequency of vibration, in reciprocal centimeters, of the bond giving rise to the scattered light.
The band near 2,880-cm -1 in the Raman spectra of erythrocyte ghosts arises from asymmetric CH-stretching of methylenes in fatty acyl chains (18, 19) . The intensity of this band, relative to that of the thermally stable band at 2,850-cm -1, i.e. [/[288o/ I~50], is known to decrease with the transition from the crystalline (gel) to the liquid state of phospholipids (18) . The intensity changes (and frequency shifts) observed with such transitions involve altered Fermi resonance interactions between methylene deformation modes and symmetric methylenic CH-stretching modes and reflect changes in the interchain interaction of adjacent lipid molecules (23, 24) .
We have previously shown that the plots [Izaao/I2aso] vs. temperature show inflections at the transition temperatures of lipid and lipid-protein phases in erythrocyte ghosts from normal adults (19) and plasma membranes of a variety of lymphoid cells (18, 21) . The thermal transition below 0°C, as determined by these plots, probably represent phospholipids containing unsaturated acyl chains. However, transitions may shift to higher temperatures when unsaturated lipids are mixed with saturated lipids or certain proteins (25) . We postulate that the thermotropie transition in [I~so/
/285o] with onset/completion temperatures of-12°C/2°C and 13°C/21°C, represent lipid and lipid/protein phases, respectively, as the latter does not occur in liposomes made from extracted membrane lipids (18) . That the 13°C/21°C transition is absent or diffuse in DMD membranes suggests lesser protein interaction with lipid, especially since careful comparisons of lipids from DMD and normal erythrocyte membranes show no significant differences (13) .
The changes in [Im.~o/I2~o] represent shifts in the positions of amino acid methyl residues that occur with protein folding/unfolding analogous to the process that occurs at much higher temperatures with soluble proteins (26) . A related response also occurs with changes of membrane potential (27) . The large bulk of erythrocyte membrane protein does not exhibit any thermotropic change in state until above 48°C (28) .
In the case of normal membranes plots of [I~/I285o] vs. temperature reveal a change of protein state with onset/completion temperatures of 33°C/42°C (midpoint 39°C) and recent independent data (29) on membranes from normal individuals indicate that the principal protein contributing to the 39°C thermotropism is the anion transport protein (30) . In DMD membranes this transition occurs at substantially higher temperatures (onset near 36°C, midpoint 45°C), as ifa smaller proportion of protein were lipid-associated. As with most soluble proteins, reduction of pH lowers the temperature at which unfolding occurs. However, a change from pH 7.4 to 6.0 lowers the unfolding temperature of erythrocyte membrane protein by more than 10°C (26) , while a similar reduction in the unfolding temperature of soluble proteins requires a shift to pH 2-3. The lower thermal susceptibility of DMD proteins upon pH reduction suggests a lesser interaction with membrane lipid.
Conformational analyses are also compatible with reduced protein/lipid interactions in DMD membranes. A number of considerations (reviewed in reference 31) indicate that protein segments penetrating membranes are in 0t-or 310-helical conformation, and that fl-structures or unordered conformations are not compatible with insertion into an apolar membrane domain. The fact that both Amide I and Amide III spectra indicate significant proportions of fl-structure in DMD but not in normal membranes therefore suggests that a greater proportion of protein is not intimately associated with lipid in DMD erythrocyte membranes.
The tyrosine spectra lead to similar conclusions. They suggest greater exposure of tyrosine residues in DMD membrane protein to a polar environment that is compatible with reduced protein-lipid interaction.
The anomalies in DMD membranes observed by Raman spectroscopy are very prominent. One must therefore enquire about the source of the Raman signals. As the intensity of Raman scattering depends on the mass of scattering material in the laser beam, whatever component is responsible for the unique properties of DMD membranes must comprise a large proportion of integral membrane protein. (20) and responsive to membrane potential (27) . The Amide I/Amide III and tyrosine differences between DMD and normal membranes similarly represent only a portion of membrane protein.
What component of membrane protein might account for the anomalies in DMD membranes? The most prominent protein in erythrocyte membranes including DMD membranes, is the anion transport protein (30) . This protein accounts for at least 25% of the total protein mass of erythrocyte membranes (16, 32) and an even greater proportion of peptide associated with the apolar membrane core. Each erythrocyte contains ~ 1.2 1X 106 molecules of anion transport protein (32) , normally arranged as 0.6 × 106 dimers, corresponding to the number of hydrophilic channels through the erythrocyte surface (37) . Each anion-transport protein molecule has an Mr 15,000-17,000 segment and at least an additional Mr 9,000-10,000 portion intimately associated with the membrane core (33) (34) (35) (36) . In contrast, the transmembrane segment of glycophorin (~4 × 106 copies per cell) has ~'n Mr of only ~3,000 (31) and those of band 4.2-4.5 (0.2 X 106 copies per cell) probably <9,000. Other membrane-penetrating proteins, such as Na+,K+-ATPase and Mg~+~ Ca2+-ATPase are much less prevalent in the membrane (103-104 cell; reference 32). According to this information, the anion-transport protein accounts for >90% of the peptide associated with the core of erythrocyte membranes and must therefore contribute in a major way to the protein Raman signals from erythrocyte membranes. For this reason alone, it will be necessary to evaluate the properties of anion transport protein in DMD membranes. Also, other data on DMD are not incompatible with a possible erythrocyte anion transport protein defect. ESR studies with nitroxide stearate spin probes (10) , demonstrating loss of the 15.6°C transition, and also of normal pH response in DMD membranes are directly comparable to our results. Abnormal signals reported after the labeling of DMD membranes with an Nomethylmaleimide spin probe (14) reacting primarily with thiols of the anion transport protein also suggest that this protein may be anomalous in DMD. Finally, freeze fracture electron microscopy reveals an abnormally low number of intramembranous particles in DMD membranes (37) . These particles primarily represent the transmembrane segments of the anion transport protein (32) .
Since the pathway of anion transport protein peptide through the erythrocyte membrane has been mapped (33-36) one can directly test whether this protein is defective in DMD and possibly incorrectly inserted into the plasma membrane.
Summary
Raman spectroscopic comparisons of erythrocyte membranes from 20 patients with Duchenne muscular dystrophy and 8 age-matched controls indicate a prominent and consistent protein anomaly in the patient samples. This was apparent in the following: (a) CH-stretching signals from control membranes reveal a thermotropic transition at 15.6°C, attributable to a protein/lipid phase that is lacking in dystrophic membranes. 
